Polymer-based organic solar cells are of great interest as they can be produced with low-cost techniques and also have many interesting features such as flexibility, graded transparency, easy integration, and lightness. However, conventional wide bandgap polymers used for the light-absorbing layer significantly affect the power conversion efficiency of organic solar cells because they collect sunlight in a given spectrum range and due to their limited stability. Therefore, in this study, polymers with different bandgaps were used, which could allow for the production of more stable and efficient organic solar cells: P3HT as the wide bandgap polymer, and PTB7 and PCDTBT as low bandgap polymers. These polymers with different bandgaps were combined with PCBM to obtain increased efficiency and optimum photoactive layer in the organic solar cell. The obtained devices were characterized by measuring optical, photoelectrical, and morphological properties. Solar cells using the PTB7 and PCDTBT polymers had more rough surfaces than the reference cell using P3HT. The use of low-bandgap polymers improved I sc significantly, and when combined with P3HT, a higher V oc was obtained.
Introduction
Production of electrical energy from renewable resources can be the most efficient and beneficial way to control environmental problems related to global warming caused by use of fossil fuels [1] . A solar cell which generates electricity from photons of the sun via photovoltaic effect is an interesting device since it uses abundant, clean, and renewable solar energy. To obtain clean and renewable energy, the cumulative photovoltaic technology capacity in the world exceeded 415 GWp in 2017 [2] . Unlike other solar cell technologies using complicated and costly processes, in the last years, organic solar cells have attracted great attention due to the advantages of inexpensive production; lightweight and flexible substrates and materials; easy, scalable, and high speed processes; and roll-to-roll and solution processing, which are mainly caused by semiconducting polymers [3] .
The optimum mixture of conjugated polymers as the donor and the fullerene as acceptor plays a crucial role since an ultrafast photoinduced charge transfer should take place in the polymer-based organic solar cells [4] . In an organic solar cell, the following steps happen: transferring charges at the donor-acceptor interface, transporting charges, and collecting charges by related electrodes [5] . The power conversion efficiency (PCE) of the organic solar cells is affected by the structure and ratio of the photoactive materials (fullerenes, semiconducting polymers etc.), the morphology of the film etc. [6, 7] . The semiconducting polymers with their outstanding properties including flexibility, low cost, easy processing, and tunable optical, electronic and chemical features are widely used in solar cells compared to other inorganic materials [8, 9] . The mismatch between the absorption spectrum of the photoactive layer and the solar spectrum is a limiting factor for efficiency. Besides, the glass or polymer substrates and front electrodes absorb photons before reaching the photoactive layer in some part of the spectrum (<400 nm). While the lower wavelengths (in the range of 280-400 nm) of the spectrum absorb approximately 1.4% of the total light, higher wavelengths (i.e. 1000 nm) by decreasing the bandgap may absorb over 50% of the light by providing an increase in current, theoretically [10] .
The semiconducting polymers with different bandgap play a role in determining the photocurrent generation. Low bandgap polymers having bandgap smaller than 1.6 eV can absorb light in the near-infrared (NIR) region by increasing short-circuit current density (J SC ) resulting in higher PCE [8, 9] . Therefore, the bandgap of the semiconducting polymers used has crucial importance for enhancing PCE. Besides, since a limitation related to the use of low bandgap polymers is the low open-circuit voltage (V oc )
obtained, an optimum blend should be applied in the solar cell. Although many studies have been done with conventional wide bandgap polymers, intensive studies using new active layer materials about an improvement of stability and PCE of organic solar cells are still going on [11] . In the last years, researchers have focused on low bandgap polymers to improve organic solar cell efficiency and stability, since the synthesis and use of several new low bandgap polymers gave very promising results in polymerbased organic solar cells [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] . There are also a number of studies dealing with the improvement of power conversion efficiencies of organic solar cells [24] [25] [26] [27] [28] [29] .
In this study, the effect of semiconducting polymers with different bandgaps was investigated in a polymer-based organic solar cell. Therefore, five different blends were made by using poly(3-hexylthiophene-2,5-diyl) (P3HT), poly [[4,8- [6, 6] -phenyl C 61 butyric acid methyl ester (PC 61 BM). In order to understand the influence of materials, the optical, morphological and photoelectrical characterizations were performed.
Materials and methods

Materials
Highly conductive poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate) (PEDOT:PSS) (Clevious PH 1000) solution was used as a buffer layer. Five percent dimethylsulfoxide and 0.1% Triton X-100 (from Sigma Aldrich) by volume were mixed with PEDOT:PSS solution to enhance the conductivity and wetting properties, respectively. Chemical structures of P3HT (regioregular, average M n : 54,000-75,000, electronic grade, 99.995%), PTB7 (average M w 80,000-200,000, PDI ≤3.0), PEDOT:PSS, PCDTBT (average M w: 100,000-140,000) and PC 61 BM are given in Figure 1A -E, respectively.
The photoactive material solutions were prepared using blends of P3HT:PC 61 
Photovoltaic device fabrication
In this study, five different types of solar cells were produced. One of them as reference cell had P3HT:PC 61 BM wide bandgap polymer as a photoactive layer. The polymer-based organic solar cells were prepared by the following procedure: conventional indium tin oxide (ITO, or tin-doped indium oxide)-coated glasses (Teknoma, İzmir) with a sheet resistance (less than 10 Ω/cm 2 ) were cut in 25*25 mm 2 to be used in experimental studies. For etching, some part of the ITO layer from the glass substrate, an acid mixture containing hydrochloric acid (HCl), nitric acid (HNO 3 ), and water (H 2 O), was applied for 30 min. After the etching process, samples were washed with water, acetone, isopropanol, ethanol, and methanol in an ultrasonic bath for 15 min, respectively. Later, an aqueous solution of highly conductive PEDOT:PSS mixture was coated (2000 rpm and 60 s) onto pre-cleaned ITO-coated glass substrates. Then, the samples were completely dried for 5 min at 100°C on a hot plate.
Five types of photoactive material mixtures were prepared as mentioned before. The wide bandgap P3HT, low bandgap PTB7, and PCDTBT worked as the electron donating polymers and PC 61 BM worked as electron-accepting material in the blend. The light-absorbing layer (~60 nm) was deposited by spin-coating technique on the top of PEDOT:PSS covered on top of the ITO-coated substrates for 60 s at 2000 rpm. Subsequently, 100 nm aluminum (Al) contact was evaporated thermally under vacuum (10 −6 mbar) on top of the photoactive layers as a top electrode. The active area was 10 mm 2 . In Figure 2A and B, obtained organic solar cells (P3HT:PCBM-PTB7:PCDTBT:PCBM) and the schematic demonstration of produced organic solar cells are shown, respectively. Subsequently, silver paint was put onto the electrodes of the solar cells to take better conductivity from the contacts.
Characterization
The photovoltaic PCE of a solar cell is calculated by the following formula [30] : where η is the PCE, V oc is the open circuit voltage, I sc is the short circuit current, FF is the fill factor, and P in is the incident light power density. This light intensity is standardized at 1000 W/m 2 according to AM 1.5 spectrum. I mpp and V mpp are the current and voltage at the maximum power point.
The IV data of the fabricated solar cells were taken from Keithley 2400 source meter via Labview program by illuminating the cells from the glass side with a Lot-Oriel Solar simulator. The absorbance of the photoactive layers was measured via a UV-vis NIR Spectrophotometer ( Shimadzu UV-3600) between 400 nm and 700 nm (with an increment of 5 nm). Morphological features of the thin films produced were determined using the AFM (atomic force microscope) device. Tapping method was used for AFM analysis, and scans were performed in 5 × 5 and 10 × 10 μm 2 area.
Results and discussion
Optical results
While the maximum absorption peak of P3HT is located at about 550 nm, the absorption range of regioregular P3HT extends approximately from 400 nm to 650 nm which is in the visible range of the spectrum. On the other hand, PCBM absorbs light in the UV range (at 350 nm). Therefore, some of the photons (above ~650 nm) cannot be absorbed in the whole spectrum [31, 32] . Besides, PTB7 as the thin film itself shows maximum absorption at 680 nm covering over the range of 550-700 [33] , and PCDTBT shows maximum absorption at 576 nm [34] . The influence of different absorption trends of semiconducting polymers is also seen in Figure 3 . P3HT:PCBM shows the typical absorption peaks including P3HT and PCBM, when Figure 3 is considered. While photoactive polymer films of P3HT:PCBM, P3HT:PTB7:PCDTBT:PCBM and P3HT:PCDTBT:PCBM show similar absorption curves which decrease after 600 nm, P3HT:PCDTBT:PCBM shows higher and broader absorption peak than P3HT:PCBM and P3HT:PTB7:PCDTBT:PCBM in the visible region. Besides, after 600 nm, photoactive polymer films of P3HT:PTB7:PCBM and PTB7:PCDTBT:PCBM have similar trends which continue without a decrease in absorption curves as well as absorbing some part of the light in the visible region, too.
Photoelectrical results
Photoelectrical results of organic solar cells as I sc (mA/ cm 2 ), V oc (mV), FF (%), and η (%) are presented in Table 1 . Besides, linear curves of current density-voltage characteristics of the solar cells under 100 mW/cm 2 illumination (AM1.5) are given in Figure 4 . As it is known, PCBM with ~2.4 eV (HOMO 6.1 eV and LUMO 3.7 eV) is an n-type semiconductor with an electron mobility of 0.21 cm 2 / Vs. P-type semiconducting polymers, P3HT with ~2 eV bandgap (HOMO 5 eV and LUMO 3 eV) [35] , PCDTBT with ~1.9 eV bandgap (HOMO 5.5 eV and LUMO 3.6 eV) [28] , and PTB7 with ~1.84 eV bandgap (HOMO 5.15 and LUMO 3.31) [36] have the following hole mobilities: [37] , respectively. Photoelectrical results of solar cells were influenced from different bandgaps of these semiconducting polymers. The maximum I sc as 8.84 mA/cm 2 was obtained from PTB7:PCDTBT:PCBM, PTB7/PCDTBT:PC 61 BM (0.5:0.5:1 w/w/w). Use of low bandgap polymers also slightly improved the I sc in P3HT:PCDTBT:PCBM. On the other hand, while P3HT:PTB7:PCBM gave the highest V oc of 782 mV, P3HT:PCBM and PTB7:PCDTBT:PCBM showed the lowest V oc as 649 mV. As mentioned in the previous studies, while the use of completely low bandgap polymer in the organic solar cell made a successful increase in I sc , moderate V oc (PTB7:PCDTBT:PCBM) was obtained [11] . While combining the low bandgap polymers with a wide bandgap polymer, P3HT, brought about an improvement in solar cells (including P3HT:PTB7:PCDTBT:PCBM, P3HT:PTB7:PCBM and P3HT:PCDTBT:PCBM active layers), the use of low bandgap polymers decreased the fill factor shown in Table 1 and Figure 4 . Therefore, lower power conversion efficiencies were obtained from devices based on P3HT:PTB7:PCDTBT:PCBM, P3HT:PTB7:PCBM, P3HT:PCDTBT:PCBM, and PTB7:PCDTBT:PCBM.
The AFM images of the five blends are given in Figure 5 . According to AFM images, it can be seen that the surface roughness of polymer films of P3HT:PCBM and P3HT:PTB7:PCDTBT:PCBM due to homogenous blend are below 12 nm. However, it can be clearly seen that PCDTBT and PTB7 show very rough morphology and have big grain size in their blends. Low film thickness (60 nm) and the roughness of photoactive layers supported by the AFM images increased the internal resistances resulting in low FF. As can be seen from Figure 5 , P3HT:PCDTBT:PCBM has rougher surface than P3HT:PTB7:PCBM and PTB7:PCDTBT:PCBM. Generally, since smooth surface would ensure better contact between active layer and electrodes, the lower surface roughness is required in most of the solar cells [30] . Therefore, by the use of P3HT, a flatter surface resulting in a better contact and an improved charge transfer at the active layer-electrode interfaces was obtained.
Conclusions
In this paper, semiconducting polymers with different bandgaps were used to produce organic solar cells. In terms of optical properties, while P3HT:PCDTBT:PCBM showed higher and broader absorption until 650 nm, above 600 nm, linear absorption curves were obtained for photoactive layers of P3HT:PTB7:PCBM and PTB7:PCDTBT:PCBM. Solar cells using PTB7 and PCDTBT polymers had rougher surfaces compared to the reference cell using P3HT. Use of low bandgap polymers obviously improved the I sc , and when combined with P3HT, higher V oc was enhanced, too. However, the fill factor, which gives information about the quality of solar cells, was worsened by the use of low band gap polymers in organic solar cells, and thus, this situation resulted in lower PCE in P3HT:PTB7:PCDTBT:PCBM, P3HT:PTB7:PCBM, P3HT:PCDTBT:PCBM, and PTB7:PCDTBT:PCBM. These findings will help to understand the properties and behavior of semiconducting polymers with different bandgaps in organic solar cells for further studies.
